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r 35-93 Abstract: 
The formula previously postulate3 for  t,,e masses of the  elementary 
&articles i s  stated i n  a revised form and shotin 
with the emrir ical  masses. 
Implications of these  facts are discussed. 
formula t o  resonances is considered. 
t o  be i n  kood agreement 
“he x i s t e n c e  of a neptral s h i f t  i s  shown. 
Possible appl icat ion of the  
f. 
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I. Introduction: 
A possible ru le  f o r  the  masses of the  elementary Farticles has 
lonk been kn0wn.l 
i t s  agreement with exyeriment. 
t h e  rule are discussed. 
In t h i s  Faper t h i s  nile is revided, grea t ly  i q r o v i n g  
Yossible consequences and implications of 
In t h i s  paper t h e  speed of l i g h t ,  Planck's constant, and the  
mass of the  electron are taken as unity. 
natural  system of un i t s  for all physical quan t i t i e s  aprearing i n  el- 
ementary Far t ic le  Fhysics. 
This s eem t o  be t he  most 
In  sect ion 11, we snzll state the  rule for t h e  masses of t h e  
elementary 1 a r t i c l e s ,  which was first discovered by Nambu, and d is -  
cuss its imrlications. 
t o  t h e  resonances arpearing i n  the  i n t e r a c t i m  of strongly in te rac t ing  
Farticles is discussed i n  sect ion 111, 
ca t ion  of: t h e  law t o  nuclei, 
i n  t h i s  Faper is the  natural  one t o  use ir elementary I a r t i c l e  physics. 
In sect ion V we l ist  fo r  reference the  values of ce r t a in  constants which 
are i q o r t a n t  when t h i s  system of un i t s  is used, as well as t h e  values 
of ce r t a in  other constants which have been used throughout t h i s  Faper, 
The question of the  a rF l i cab i f i t y  of the  law 
Section IV covers the  aFFli-  
IIt seems t h a t  t he  system of u n i t s  used 
i. iiambu; irog. of Theoretical jnysics z, 575 i x j  
Reulos; Arch. Sei. (Geneva) l& 112 (58) 
Frohlich; Muclear Physics, '7, U8 (5e) 
See ~1.9~: I~IT~A ~ c r r -  E . S ~ .  x r  31 1 2 7  -4- (w)  b 4 - d  
Darling; Fhys, Rev. 8(, ,!+MI (5C) 
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11. The Postulated Xass Law:  
It is  postulated t h a t  the  masses of t he  elementary 
p a r t i c l e s  are given by the  equation a-1, lq =,(&+a) 
t o  within about one efe6'tron mass. 
t e k r a l  or half  integral .  The tern is  zero or  21. ' = J37,0373 
Ihe Nambu number n i s  e i the r  in- 
.- 
The formula d i f f e r s  from the  previously s t a t ed  one' 
by t h e  inclusion of t he  llaf' term. 
The formula does not hold f o r  t he  electron, but t he  
electron i s  the  basic p a r t i c l e  of the system, 
In t ab le  11-1 t h e  conputed and experimental values 
of t h e  masses are given. 
( Inser t  t a b l e  11-1) 
It is seen t h a t  t he  rule gives t h e  masses of t he  
charked pa r t i c l e s  t o  within one uni t  except f o r  t he  Zwhere  the  dis-  
crerancy is  about two u n i t s  and t h e  2, whose mass is not ye t  known 
with comFlete accuracy, and 
two o r  th ree  units.  
- 
for  which t h e  discrepancy may be about 
A complete s t a t i s t i c a l  analysis of t h e  numbers has 
not been ca,-ried out. 
w e l l  t b s  r i l e  agrees with experiment we have included t h e  last two 
columns L--1 t he  t a b l e  tihich give the r a t i o s  of the  discrerancy t o  the  
average r,-i sxepan cy t h a t  would be eq.ected from r u r e l j  s t a t i s t i c a l  
considc: ,%;oris i n  two l imi t ing  cases. 
t icaL5.a- 2 ,  xas computed by takin& the  difference 
correspmding t o  t h e  nambu number f o r  t he  xarticle with "a" equal t o  
one, and t h e  mass number CorresFonding t o  t h e  next .h mbhy,~l~.  
Iiowever i n  ortier t o  give a rough idea of how 
For the  first t a b l e  t he  % t a t i s -  
between mass value 
r .  
. I  
u - 2  
t 
' with "a" equal t o  minus one. 
s t e t i s t i c a l  discreFancy. 
This w a s  then divided by four t o  ge t  t h e  
In the  last column the  mass l eve l s  were tak- 
en as evenly spaced and t h e i r  spacing was again divided by four t o  ge t  
t h e  s t a t i s t i c a l  discrepancy. The next t o  t he  last  column gives a bet- 
ter  measure of the  agreement thandoes  t h e  last ,  e s l e c i a l l y  f o r  the 
lower mass par t ic les .  
It is seen t h a t  t h e  agreement is ra the r  god. Xmeover 
the  formula is qu i t e  simrle and fur ther  more the deviations from it all 
follow a s3hFle Fa t te rn  i n  t h a t  all t h e  neut ra l  p a r t i c l e s  (with t h e  ex- 
ception of t he  zero mass partic1es)ctre sh i f t ed .  For these reasons it 
seems qui te  l i k e l y  tha t  t h e  formula is app-oximately correct.  
s h a l l  be ass* so f o r  t h e  r e s t  of t h e  paper and the  consequences 
of it w i l l  be explored. 
It 
It may be t h a t  the fornula is correct  f o r  lower mass 
p a r t i c l e s  but not f o r  t h e  hn-erons, as the  suplor t  f o r  is is much less 
i n  t h i s  case. 
here  also and it s h a l l  be taken as correc t  in t h i s  paper. A more 
g rec i se  determination of the  masses of the  hyperons would helF t o  
c l a r i f y  t h i s  s i tuat ion.  
Nevertheless i t  seems qui te  l i k e l y  t h a t  it is correc t  
Uhile t h e  charged p a r t i c l e s  are i n  very good agree- 
ment with Nanbu's rule there is a consis tent  discrepancy between t h e  
r u l e  and t h e  masses of t h e  neutral  Far t ic les .  
app l i e s  even t o  the  P:'which has no charged counterpart and whose 
Itatt value camot  thus be determined, t h e  discrepancy for the  two pos- 
s i b l e  tia'i vaiues are both l e s s  than t h e  discrepancy f o r  the  wr" ), and 
$0 eWie ~%Wt%i hiASk3 iB wHfi%id eY&i 32i€iti@i it is charged. 
This 'heutral  s h i f t "  
- 
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than others (except f o r  t he  electron) seems l i k e l y  t o  be correct3. 
Furthermore it should be noted t h a t  t h e  muon f i t s  i n t o  
the  formula. 
mysterious4 or as being i n  some way iden t i ca l  t o  the  electron except f o r  
some d i f f e ren t  interact ion which causes it t o  have a l a rge  mass. 
mass is  given by t h e  f o r m l a  and needs no e q l a n a t i o n  (except i n  t h e  
seas8 t h a t  all t he  masses do). 
It seems thus incorrect t o  regard the  muon as i n  any way 
The 
It is a remarkable fact t h a t  t h e  nambu numbers and the  
'la11 value seem t o  be c G m F l e t e l y  indeIendent of tie Froperties of t h e  
par t ic les .  They are, for exmi le ,  comIletely independent of t h e  spin 
and the  i so topic  spin. 
theor ies  which treat  in t eg ra l  
bas is5. 
This seems t o  ind ica te  d i f f i c r l t y  f o r  those 
and half i n t eg ra l  spin on a d i f fe ren t  
Equation 11-1 is a simple formula f o r  masses of t h e  
elementary I a r t i c l e s .  
so r t .  
produce a formula f o r  these masses. 
calculated individually from com1licated approximate formulae are thus 
not l i k e l y  t o  be correct.5 
These names are a p p r e n t l y  eigenvalues of some 
iie would thus e q e c t  t'at 7 theory of elementary p z r t i c l e s  would 
theories  i n  which the  masses are 
It should be note; t h a t  a l l  the  d i s c r e p n c i e s  are posi- 
t i v e  with the  exceFtion of t h e  K which could be posi t ive within ex- 
perimental error.  Lfhile t h e  number of cas-es  is too small t o  have 
much s t a t i s t i c a l  significance it does suggest t h a t  a be t te r  deter-  
minstio:: Gf the :< aaijs i x j 7  be of I n te res t .  
3. See discussion by Feynman; Proc, Ann .  Roches5er Conf. 
Ohnuki; FiochestJer Coiif. k g h  -Enere Phy QtO, €44 (60) 
Brmi and -Xa,ng;.Phy. Rev. 76, 1739 (43)  
4. Tay4:or; F?&./ Rev, 1216 (58) 
5. 
Nambu: Rb-dhester Cod. Hrg2-1 SeFgf Phys. IO, S%' (60) 
PhY* -a, 501 ..,16Q r , : c '  - 
Heisenberg, a o c .  Rochester. Conf, High Znergy Ph;l~.*. 
High Energy 
851 (60) 
i1 
Table  11-1: The masses of t h e  elementary particles: 
F a r t i c l e  : Exyerimentit Computed Jkmbu a Discrep- 
I4aSS :a xass No. ancy 
0 
0 
0 
1 
2C6 . 7:O 03 
264,2cc.1 
273 . 1820 1 
966.6b . 4 
974.2tl. 2 
1236. la. 02 
1838.65%. G2 
2182.8020.3 
2327. '7% . 4 
2331.83.0 
2340.6z0.6 
0 
c 
C 
- 
207. C595 
27b.0746 
966.2611 
le36.5036 
2176.596e 
2192.5968 
2329.63W 
O ?  
O ?  
C ?  
- - 
1.5 1 
2 0 
7 1 
13.5 -1 
-1 
l6 0 
0 17 
0 
c! 
0 
e89 1/18 1/6 
-03 1/45 1/18 
-7.9 
-2.19 
-6.20 
9.e0 
1.9 1/4.5 1/3 
-2.2 
-11 . c 
19.0 '.L 2566:16 
+ -. .^ 
2- 2580.2-2.5 2584e7Ct7 19 -1 4.5 IJl.7 8/10 
a/ 3 i m  and bhzyiro; Reviews ol" ::&ern Fhysics 2, 231 (61) 
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111. Resonances 
k resonance i s  sometimes regarded as a p a r t i c l e  of very shor t  
l i f e t imeO6 
p a r t i c l e s  physics. It would be  of i n t e r e s t  therefore  t o  see whether 
t h e  masses of t he  "Fart ic les"  CorresFonding t o  these resonances obey 
Narnbu's rule.  
as well a5 t he  c loses t  masses allowed by the  formula. 
There are now at least seven resonances known i n  elementary 
In t h e  fol louing table  we list the  masses of t h e  resonances 
( Inser t  t a b l e  111-1) , 
lie c8p, irmediately see from t h e  t a b l e  t h a t  t h e  pos i t ions  of the 
resonances are not ye t  known well enough t o  allow us t o  draw d e f i n i t e  con- 
clusions.  However, it seems qui te  possible  t h a t  t h e  masses w i l l  be i n  
agreement with t he  rule. 
It is  ce r t a in ly  hoped t h a t  t he  posi t ions of these resonances w i l l  
soon be determined with grea te r  accuracy. 
It $mild al&o be. of i n t e r e s t  .tcr-lobk:for a :ltn;eutrd.. shift" in 
t hese  resonances. 
Ordinarily, t h e  r e a c t i o n q ' +  
"pa r t i c l e  causing the  resonance11 is neutral ,  
resonance be t h e  same i f  t h e  %ore d i f f i c u t  reactionrs.7+7, were studied? 
This also has an isotoFic  sp in  Q comFonent, but the l tyarticlell  i s  Fositive. 
Consider f o r  examsle the  second pion-nucleon resonance. 
is studied, with the  r e s u l t  t h a t  t h e  Y 
Would t h e  posi t ion of the  
It is interestiing t o  note that i n  the first ?inn-ni ic lenn resn~ancn 
which seems i n  excel lent  agrement wi th  t h e  formula t h e  l lparticlelt  has a 
However, t h e  yos i t ion  of t h e  ?* charge of tuo for  t h e  r e a c t i o n r + +  
resomime i s  not ye t  knotin trith enoui,h accuracy t o  ailow us  t o  make d e f i n i t e  
conchs ions .  
resonance i s  the  same f o r  t he  doubly charged rP f 9 
It would be of in t e re s t  t o  see whether t he  pos i t ion  of t he  
+ as for s ing ly  
I 
111-2 
. cha rgedq5  r\, t he  uncharged rT- - ,p , and the  negativly charged I( -+ 
A t h a t  is whether a neutral  s h i f t  hold here also. 
It should be noted t h a t  these "Fart ic les"  have high spin. 7 
Thus if  t h e  formula should 1-rove t o  hold f o r  the  resonances w e  would be  
a b l e  t o  conclude t h a t  t h i s  f ac to r  is i r re levant  t o  the  determination of 
the  mass. 
7. Feieris; I'hys. Rev. Ilk, 333 ( 6 G )  
I11 
Computed Xiss 
2,398.2 
2,992.8 
3,286. E, 
2,691 . 83 
2,720.75 
3,562.97 
1,725.47 
612,17 
Embu 
I?'umber 
17.3 
22 
24 
19.5 
20, 
26. 
12.5 
4.5 
a. Sterrheimer and Lindenbaum, Fhysl, : Rev. 13, 333 (61) 
b, Salan, Review Xod. Fhys. 33, 426 (61) 
C .  Alston and Ferro-Luxzi, Review Fhys. 2, W 6  (61) 
d. i i l s ton  e t  al.; rhys. Rev. Lett. 6, 696 (61) 
e. Alston e t  al.; Thys. Rev. Lett. 6,  300 (61) 
f. Booth et al.;, Phys. Rev, Llett. l., 35 (61) 
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0 
-1 
0 
1 
-1 
0 
1 
-1 
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IV. The masses of nuclei: 
The masses of the  elementary Fa r t i c l e s  obey a simple rule. 
Does obedience t o  i\imbu'S rule But what p w t i c l e s  are elementary? 
determine the  elementarity of par t ic les?  
of t h e  nuclei  are of saxe interest .  
In t h i s  connection t h e  masses 
A comparison of t h e  masses of t he  nuclei  v i t h  the  rule is not 
simple because the  nar,bu numbers become of t he  order of 137 resu l t ing  in 
an overlapFing of levels.  
discrepancy would a l s o  increase. 
would have t o  be carr ied out. 
analysis  and reyort  late 
It might be reasonable t o  asmrne t h a t  the  
Thus a c o q l e t e  s t a t i s t i c a l  analysis 
It is  hoFed t o  do t h i s  statistical 
n the  question of the  elementarity of nuclei. P 
”. Units: 
It is quite clear t h a t  the  mass of t h e  electron is 
fundamental t o  Ilanbu’s rule. 
dccgsi.de the  sreed of light &. rlanck’e constant aE one cf the  
fundamental conetants of Fhysics. 
e l e m n t a r y  r a r t i c l e  physics will Le e q r e s s e d  i n  terms of it i n  the  
future.  
%bus th i s  constant now takes i ts  rlace 
It i s  bored t h a t  a l l  numbere i n  
For convenience we list t he  values of some other con- 
s t a n t s  8 .  wLich can be seen t o  be imFortant lir, this system of u n i t s  which 
. . -  - -  . ’. . .  I49 w i l l  c a ’  the &-t,ur&, .sy&-.,’’i b . .: ’* 
. _ . C . . . . . r  
. *  *. :.-j i ::5:;. 
(’1-1) &ss of the  electron: ne = C.51c976 !! C.CCOOO7 aev 
(-2) = 9.10e5 x 1C-2b gm 
L.. = 2.12627 x X -  -10 c m  
rI‘a,: .L (V-3) 
(TI-4) 
(V-5) 
Compton wavelength of the  electroa: .A L: 
A = 7.29729 k.00003 8 
1. 
;+, = 137.0373 * 0.0006 
1 msv = 1.60207 2 O.GOOC7 x ~ C I - ~  erg 4 
It wcuX also be of interest  t o  look a t  t h e  weak in te rac t ion  
(V-6) 
couplinp co.:starl!;10 
(71-7) Gv l , L , i t 5  ? 0.003 x 1~-.49 erg-cm 3 
mci t h e  gravit3tioca.‘l cauFllng coastant 8 
L . 
v-2 
(V-8) G = 6.670 2 0.005 x 1(?-l1 neu.-xn2/kgms2. 
In t he  natural number sptm these become pure numbers. These 
are respect ively:  
(V-9) 
and 
(V-1G) G = 2.735 x 
Gv = 1.206 x 16-u 
IJe believe t h a t  these nmbers are the  proper ones t o  compare 
w i t h  each other  and with other cou@ng consta~ts in order to f i x d  +.he 
r e l a t i v e  orders of magni5ude. 
V1: Conclusions: 
k The masses of t he  elementary i a r t i c l e s  have been shown t o  be rep- 
resented accurately by a s iq , l e  lav. The imFlications of t h i s  result 
have been discussed. 
and t h e  imil icat ions of such arp l ica t ion  have been discussed. 
The possible apxl icat ion of t he  law t o  resonances 
” , I  
‘W 
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